Glutamate, the most abundant excitatory neurotransmitter in the nervous system, can induce biophotonic activity and transmission in mouse brain slices. As a signaling molecule, aspartate is not considered to be an independent neurotransmitter during the long evolution process, which may be just a co-transmitter or neuromodulator. In the view of structure and physiological similarities of aspartate and glutamate, as well as some differences between them, we attempted to investigate whether aspartate could also induce biophotonic activity in mouse brain slices and its effect characteristics. The ultraweak biophoton imaging system (UBIS) was used to carry out a real-time observation of biophoton activity induced by aspartate in mouse brain slices. It was found that the biophotonic emissions induced by aspartate at different concentrations (12.5 mM, 25 mM and 50 mM) presented concentration-dependent effects and 50 mM aspartate could obviously induce biophoton activities with the characteristic changes of initiation, maintenance, washing and reapplication, which were also different from that induced by 50 mM glutamate as reported before. Considering the species differences in excitatory neurotransmitters, these findings indicate that aspartate-induced biophotonic activity may imply the evolutionary differences in the animal brains.
INTRODUCTION
Aspartate, as an excitatory amino acid, has an important but controversial implication in the central nervous system (CNS), and as a signaling molecule, has a long evolutionary history, for example, it can promote bacterial chemotaxis [1] . Earlier studies found that using K + or electrical stimulation of the brain slices, there was a Ca 2+ -dependent release of glutamate, aspartate and γ-aminobutyric acid (GABA) [2] [3] [4] .
Open Access Natural Science Glutamate is currently recognized as a neurotransmitter in the excitatory pathways of CNS in almost all mammals, and GABA is the main inhibitory transmitter. However, the implication of aspartate in the CNS is still not clear as it was only known that aspartate can selectively activate N-methyl-D-aspartate (NMDA) receptor as a role of non-metabolism in the mammalian brains [5] , but cannot activate the amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors because of its low affinity to AMPA receptors [6] , so it is difficult to believe that it has the function of regulating the rapid transmission of excitatory synapses in the CNS. Moreover, aspartate is not the transport substrate of vesicular glutamate transporter [7, 8] . Some synaptic vesicles of hippocampal neuron and synaptic-like microvesicles of pinealocytes exocytose the aspartate and glutamate simultaneously [9] , but the release of aspartate and glutamate from hippocampal CA1 synaptosome are regulated by different mechanism [10, 11] . Therefore, it has been generally believed that aspartate is not considered to be an independent neurotransmitter and maybe just a co-transmitter or neuromodulator [12] . Despite the activity of aspartate in neural synapses, aspartate is an elementary amino acid that can be utilized for the synthesis of protein or be catabolized to take part in Tricarboxylic acid (TCA) cycle. It is shown that cultured astrocytes can uptake the exogenous aspartate, which is then hydrolyzed into intermediate metabolites, such as oxaloacetate, pyruvate, acetyl coenzyme A, taking part in TCA cycle [12, 13] .
Biophoton, also called ultra-weak photon emission (UPE), is present in all organisms including animals, plants, microbe and human beings [14] [15] [16] . Organisms can spontaneously radiate biophotons in the physiological or pathological conditions. There are plenty of evidences indicating that biophoton is related to neural functions. For example, it was demonstrated that biophoton emissions increased significantly from the right sides of volunteer's heads when they imagined light in a very dark environment, and the neural activity measured by electroencephalography (EEG) is significantly correlated with the biophoton emissions in the human brain [17] . Our previous study found that glutamate could induce the typical biophoton activities in mouse brain slices [18] , which are related to the biophotonic signal transmission [18, 19] . Because of structural similarity between glutamate and aspartate, we tried to investigate whether aspartate could also induce biophoton activity in neural cells as glutamate does, and to provide new research evidence for further analysis of biophotonic activity and functional importance in the brain.
MATERIALS AND METHODS

Mouse Train Slice Preparation
Adult male Kunming mice (2 -3 months, 35 ± 5 g) were purchased from Hubei Provincial Laboratory Animal Public Service Center (Wuhan, China) and housed under standard conditions (12-h light/dark cycle, room temperature 18˚C -25˚C, 40% -50% humidity) with access to food and water adlibitum. The protocols were approved by the Committee on the Ethics of Animal Experiments of South-Central University for Nationalities. Mice were decapitated and the brain was quickly removed and placed in ice-cold (0˚C -4˚C) artificial cerebral spinal fluid (ACSF) for about 3 min. ACSF contained (in mM) 2.5 KCl, 125 NaCl, 20 D-glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , and 2 CaCl 2 ; pH 7.6, Osmotic pressure 300 mOsm/L. For the preparation of a standardized coronal brain slice (450 µm thickness) [18] , beginning at the rostral part of hippocampus, and then, the brain slices were incubated in ACSF at room temperature (23˚C) for a minimum of 1 h before imaging and continuously bubbling with 95% O 2 and 5% CO 2 .
Biophoton Imaging and Aspartate Applications
The incubated brain slices were transferred to perfusion chamber in which they were submerged in a perfusion bath of ACSF (100 ml) that was contained in a glass bottle. A mixture of 95% O 2 + 5% CO 2 was constantly supplied in the ACSF during the perfusion period. The perfusion was maintained through an input micropump and an output micropump (5 ml/min) outside the ultraweak biophoton imaging system (UBIS). The temperature (36.8˚C) of the medium in the perfusion chamber was maintained with an electrical heater. Natural Science Biophotonic activities were detected and imaged with the UBIS using an EMCCD camera (C9100-13, Hamamatsu Photonics K. K., Hamamatsu, Japan) in water-cool mode (in this situation, the working temperature at the EMCCD camera can be maintained as low as −90˚C), controlled by an image analysis software (HCImage Version 1.1.3.1, Hamamatsu Photonics K. K., Hamamatsu, Japan). The other setup parameters during imaging were photon detection model 3, 1 × 1 binning, 1200 gain, and cooling mode Max. The specific steps for biophoton detection and imaging were as follows: 1) the brain slices were transferred to a perfusion chamber and kept in complete darkness for about 30 min before imaging to exclude the effects of ambient light; 2) real-time imaging by automatically image capture every 1 min using HCImage; 3) take a regular image under ambient light conditions before real-time imaging.
To ensure that the osmotic pressure of aspartate solution are equal, 12.5 and 25 mM aspartate (Sigma, St. Louis, MO, USA) were dissolved in the ACSF, 50 mM aspartate was dissolved in the low osmotic ACSF (in mM) (2.5 KCl, 115 NaCl, 10 D-glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 ; PH7.6, Osmotic pressure 270 mOsm/L). Osmotic pressure is measured by freezing point osmometer. First, 300 and 800 mOsm/L were calibrated, and then the Osmotic pressure of the solution was measured by the freezing point temperature.
Image Processing and Data Analysis
The main processes of image processing and data analysis were as follows: 1) all original images were processed with a program running at the MATLAB platform, eliminating the effect of cosmic rays from the original gray images resulted in the processed biophoton gray images; 2) the processed images were analyzed for the average gray values (AGVs) in the regions of interest (ROIs) and the background gray values (BGVs) using a same image analysis software (HCImage) as reported before [18] , and the relative gray values (RGVs) were obtained as follow: RGVs = AGVs − BGVs
Statistical Analysis
Statistical analyses were performed using Microsoft Excel and GraphPad Prism5. Paired Two-tailed t-test was used to compare the effects of biophoton emission at different concentrations of aspartate with the change of time.
RESULTS
Concentration-Dependent Effects of Aspartate-Induced Biophotonic Activity in Mouse Brain Slices
A concentration-dependent increase effect was found in the biophotonic activities induced by aspartate in mouse brain slices. There were no obvious effects after long-lasting application of 12.5 mM (Figure  1 (a) and Figure 1(b) , green line, Table 1 , n = 5), but a gradual increase of biophotonic activities was observed after the application of 25 mM aspartate and achieved the significant difference within approximately 75 min (Figure 1(a) and Figure 1(b) , blue line, Table 1 , n = 4). Such effects were very obvious after the application of 50 mM aspartate, presenting a significant increase within approximately 25 min (Figure 1 Table 1 , n = 6), and then a further enhancement was found, showing a similar trend to that of 25 mM aspartate with the extension of time (Figure 1(a) and Figure 1(b) ).
Characteristic Changes in Biophotonic Activities Induced by Aspartate in Mouse Brain Slice
For comparing the effect of biophoton activity induced by 50 mM aspartate with that by 50 mM glutamate in mouse brain slice as reported earlier [18] , we further observed the characteristic changes of 50 mM aspartate-induced biophotonic activities under different conditions. The application of 50 mM aspartate to mouse brain slices led to a significant increase in biophotonic activities and achieved the maximal Natural Science Table 1 . N = the number of slices from the same number of mice (5, 4, 6 for 12.5 mM, 25 mM and 50 mM, respectively). Red arrow indicates the time point for the application of aspartate. Asterisks indicate a significant difference between 25 mM and 12.5 mM, **p < 0.01; ***p < 0.001; plus signs indicate a significant difference between 50 mM and 25 mM, ++p < 0.01; +++p < 0.001. Natural Science Figure 2 (c), the effect of maintenance); a lasting slice washing with ACSF at 400 min after application of aspartate led to a further increase of biophotonic activities within approximately 4 min (4 ± 3.1 min, n = 6), which then decayed gradually (Figure 2(b) and Figure 2(c) , washing effect). The second application of 50 mM aspartate after slice washing for 100 min produced a quick increase of biophotonic activities and achieved the maximal effect within approximately 10 min (10 ± 0.88 min, n = 6), but the peak value was slightly smaller than the maximum effect of washing, and then rapidly decayed (Figure 2 
DISCUSSION
In this study, we found that aspartate can significantly induce biophotonic activity in mouse brain slices, and the intensity and effect characteristics of aspartate are consistent with those of glutamate as reported previously; both of them present the characteristic changes of initiation, maintenance, washing and reapplication [18] . However, some differences should be emphasized as follows: 1) aspartate has a faster effect than glutamate, and relatively stable effect is achieved within 60 min for aspartate, while it takes Natural Science about 90 min for glutamate; 2) the intensity of biophotonic activity induced by aspartate was more obvious than that by glutamate; 3) the maximum effect of aspartate reapplication was not significantly higher than that of washing. The mechanisms of these differences are unclear and may be related to the glutamate receptors.
Glutamate receptors can be divided into two categories: one is the ionic receptors, including NMDA receptor, kainite receptor (KAR) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), which are coupled with ion channels to form receptor channel complexes that mediate fast signal transmission [20] . Another is the metabolic receptors (mGluRs), which are coupled with G-protein in the membrane [20] . When these metabolic receptors are activated, the relatively slow physiological effects can be produced through the signal transduction system composed of G-protein effector enzyme and the intracellular second messenger, etc. Electrophysiological studies have shown that aspartate can specifically activate NMDA receptors and induce neural action potentials [5] , which is consistent with the function of glutamate. However, aspartate has no obvious effect on AMPA receptor [6] , so whether the receptor differences also determines the differences in biophotonic activities induced by glutamate and aspartate is unknown and needs to be further clarified. Since the glutamate-induced biophotonic activities and transmission in neural circuits may be involved in the mechanisms of neuronal signal transmission [18] , such differences in biophotonic activities induced by glutamate and aspartate may reflect the evolution of species. It has been demonstrated that the content of aspartate is more abundant in the brain of lower organisms as compared to that of glutamate [21] , and therefore, glutamate gradually replaced aspartate as the most abundant neurotransmitter in the nervous system when the evolution of organisms is higher. Although whether this evolutionary significance is related to the advanced brain functions of organisms deserves further determination, however, it is understandable that lower organisms may need more rapid and efficient information processing for brain functions (fast response) in the process of adaptation to the environment, while the brain activity in higher organisms, such as human beings, may need more sustained information processing and low energy consumption (persistent response).
